Chromatin dynamics and higher order structures play essential roles in genomic DNA functions. Histone variants and histone post-translational modifications are involved in the regulation of chromatin structure and dynamics, cooperatively with DNA methylation and chromatin binding proteins. Therefore, studies of higher-order chromatin conformations have become important to reveal how genomic DNA is regulated during DNA transcription, replication, recombination and repair. The sedimentation velocity analysis by analytical ultracentrifugation has been commonly used to evaluate the higher-order conformation of in vitro reconstituted polynucleosomes, as model chromatin. Three major preparation methods for the unpurified, purified, and partially purified polynucleosomes have been reported so far. It is important to clarify the effects of the different polynucleosome preparation methods on the sedimentation profiles. To accomplish this, in the present study, we prepared unpurified, purified and partially purified polynucleosomes, and compared their sedimentation velocity profiles by analytical ultracentrifugation. In addition, we tested how the histone occupancy affects the sedimentation velocities of polynucleosomes. Our results revealed how free histones and polynucleosome aggregates affect the sedimentation velocity profiles of the polynucleosomes, in the absence and presence of Mg 2+ ions.
Chromatin dynamics and higher order structures play essential roles in genomic DNA functions. Histone variants and histone post-translational modifications are involved in the regulation of chromatin structure and dynamics, cooperatively with DNA methylation and chromatin binding proteins. Therefore, studies of higher-order chromatin conformations have become important to reveal how genomic DNA is regulated during DNA transcription, replication, recombination and repair. The sedimentation velocity analysis by analytical ultracentrifugation has been commonly used to evaluate the higher-order conformation of in vitro reconstituted polynucleosomes, as model chromatin. Three major preparation methods for the unpurified, purified, and partially purified polynucleosomes have been reported so far. It is important to clarify the effects of the different polynucleosome preparation methods on the sedimentation profiles. To accomplish this, in the present study, we prepared unpurified, purified and partially purified polynucleosomes, and compared their sedimentation velocity profiles by analytical ultracentrifugation. In addition, we tested how the histone occupancy affects the sedimentation velocities of polynucleosomes. Our results revealed how free histones and polynucleosome aggregates affect the sedimentation velocity profiles of the polynucleosomes, in the absence and presence of Mg 2+ ions.
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The eukaryotic genome is hierarchically packaged into chromatin. The nucleosome is the basic unit of chromatin, and is composed of the histone octamer (containing two each of histones H2A, H2B, H3 and H4) and about 150 bp of DNA (13) . Nucleosomes are connected by short linker DNA segments ($50 bp), and form a polynucleosome fibre with a 'beads-on-astring' appearance (4). The higher-order conformation of chromatin dynamically changes to support DNA metabolism (5, 6) . For example, nucleosomes adopt a relaxed polynucleosome fibre conformation and are not tightly associated in transcriptionally active chromatin, such as euchromatin (7) . In contrast, transcriptionally inactive heterochromatin is considered to adopt a compacted conformation, in which nucleosomes may intimately interact within the polynucleosome fibres (8) . In cells, these conformational differences of chromatin are controlled by histone variants, histone post-translational modifications, DNA methylation and chromatin binding proteins, and play essential roles to regulate genomic DNA functions (923). Therefore, studies of higher-order chromatin conformations have become important to understand the epigenetic regulation of genomic DNA. Sedimentation velocity analysis has been used to evaluate the higher-order conformation of chromatin with reconstituted polynucleosomes (24) . To do so, polynucleosomes assembled on tandem repeats of the nucleosome positioning sequence are commonly used as model chromatin samples (25, 26) . In the literature, three major methods for polynucleosome sample preparation have been employed, as follows. (i) The reconstituted polynucleosome is subjected to the sedimentation velocity analysis without purification (24, 2734) . (ii) The polynucleosome is electrophoretically purified (26, 3537). (iii) Impurities, such as free DNA and histones, are removed by Mg 2+ -dependent precipitation (26, 3841). However, the consequences of the different polynucleosome preparation methods have not been clarified, because they have not been directly compared.
In the present study, we prepared the unpurified, purified and partially purified polynucleosomes, and tested their sedimentation profiles in the absence and presence of Mg 2+ ions. Our results provide important basic information for the evaluation and the interpretation of the polynucleosome sedimentation velocity data, which reflect the higher-order chromatin state.
H3.1 and H4 were then mixed and incubated in 20 mM Tris-HCl buffer (pH 7.5), containing 1 mM EDTA, 7 M guanidine hydrochloride and 10 mM 2-mercaptoethanol, at 4 C for 1.5 h. The sample was then dialyzed against 20 mM Tris-HCl buffer (pH 7.5), containing 2 M NaCl and 2 mM 2-mercaptoethanol, and was fractionated on a Superdex 200 gel filtration column (GE Healthcare). The fractions corresponding to the histone octamer were collected and stored at À80 C. 
Reconstitution of the polynucleosome

Purification of the polynucleosome by MgCl 2 precipitation
The reconstituted polynucleosome (568 mg/ml for DNA, 586 ml) was precipitated in 10 mM Tris-HCl buffer (pH 7.5) containing 2.5 mM MgCl 2 , for 30 min at room temperature. The precipitate was recovered by centrifugation at 14,000 Â g for 15 min at 20 C, and was dissolved in 10 mM Tris-HCl (pH 7.5) buffer (500 ml). These precipitation and dissolution steps were repeated three times. After these three cycles, the precipitate was dissolved in 10 mM Tris-HCl (pH 7.5) buffer containing 6 mM EDTA, and was incubated at room temperature for 30 min. After centrifugation at 14,000 Â g for 15 min at 20 C, the supernatant was collected, dialyzed against 10 mM TrisHCl (pH 7.5) buffer, and stored at 4 C. The final concentration of the partially purified polynucleosome was 398 mg/ml for DNA (600 ml).
ScaI cleavage assay for the polynucleosome ScaI cleaves every linker DNA region within the polynucleosome. The nucleosome occupancy on the 601 DNA sequences was then estimated by a ScaI cleavage assay. The polynucleosome samples (100 ng of DNA) were treated with ScaI (10 units for each sample, Takara) in a 10 ml reaction mixture [10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.5 mM MgCl 2 and 0.1 mg/ml BSA] at 22 C for 12 h. The resulting free DNA fragments, mononucleosomes, and partially cleaved polynucleosomes were separated on a non-denaturing 5% polyacrylamide gel in 1Â TBE buffer (90 mM Tris base, 90 mM boric acid and 2 mM EDTA) with ethidium bromide staining. The gel image was acquired with an LAS-4000 image analyzer (GE Healthcare).
Analytical ultracentrifugation sedimentation velocity assay
The polynucleosome samples (OD 260 = 0.60.8) were dialyzed against a solution containing 10 mM Tris-HCl (pH 7.5), with or without 0.6 mM MgCl 2 . The sedimentation velocity analysis was performed with a Beckman Coulter ProteomeLab XL-I, using an 8-hole An-50Ti rotor. Before the sedimentation analysis, the samples were incubated for 2 h at 20 C. The sedimentation velocity assay was performed with freshly prepared polynucleosome samples (within 2 days after preparation) at 22,000 rpm, and scans at 260 nm were collected. The data were analyzed by the enhanced van HoldeWeischet method (44), using UltraScanII 9.9, revision 1927 (Demeler, http:/www.ultrascan.uthscsa.edu). The sedimentation coefficient, S 20,w , was calculated with a partial specific volume of 0.65 ml/g. The buffer density and viscosity were adjusted to the buffer solution.
Results
Strategy for polynucleosome sample preparation
The DNA containing 12 tandem repeats of the Widom 601 sequence (177 bp) (43) was used for the polynucleosome reconstitution (Fig. 1A) . We then prepared the polynucleosome samples by the three different methods (Fig. 1B) . (i) The polynucleosome was simply reconstituted by the salt dialysis method without any further purification steps, and was used for the sedimentation velocity analysis, as the polynucleosome sample #1 (unpurified polynucleosome, Fig. 1B ).
(ii) Using a Prep Cell apparatus, the reconstituted polynucleosome (sample #1) was separated from the contaminating free DNA, free histones, and polynucleosome aggregates. This highly purified sample was used for the sedimentation velocity analysis, as the polynucleosome sample #2 (purified polynucleosome, Fig. 1B ). (iii) The polynucleosome sample #1 was further purified by precipitation with MgCl 2 . In contrast to the Prep Cell method, polynucleosome aggregates were not removed by this precipitation method. This sample was used for the sedimentation velocity analysis, as the polynucleosome sample #3 (partially purified polynucleosome, Fig. 1B) .
Preparation of unpurified, purified and partially purified polynucleosomes We reconstituted the histone octamer with recombinant human histones H2A, H2B, H3.1 and H4 (42) , and then purified it by gel filtration column chromatography ( Fig. 2A) . The purified histone octamer contained histones H2A, H2B, H3.1 and H4 in a The polynucleosomes were reconstituted with a histone octamer/DNA(177 bp) ratio of 2.0. In this study, we measured the weights of freeze-dried human histones, and estimated the absorption coefficient (26,257) for the histone octamer at 280 nm. This absorption coefficient value is 60% of that (44,080) previously used for the Xenopus laevis histone octamer (32) . Therefore, the octamer/DNA ratio of 2.0 in this study approximately corresponds to the 1.2 ratio in the previous study (32) .
For sample #1, the polynucleosome was reconstituted by the salt dialysis method with the histone octamer and the DNA containing 12 Widom 601177 bp sequences. The electrophoretic mobility shift assay revealed the presence of two bands after the polynucleosome assembly (Fig. 3A, lane 2) . These bands may correspond to the properly reconstituted polynucleosome and the polynucleosome aggregates (Fig. 3A, asterisk) . The major band just above the polynucleosome is probably the polynucleosome dimer, as previously reported (26). This sample also contained excess histones, because of the absence of further purification steps.
For sample #2, the reconstituted polynucleosome sample #1 was fractionated by 0.7% agarose-2% acrylamide composite gel electrophoresis (Fig. 3B) . In this procedure, the polynucleosome aggregates (Fig. 3B , lanes 1118) were efficiently separated from the polynucleosome fractions (Fig. 3B, lanes 59) . Simultaneously, free histones were also removed.
For sample #3, the polynucleosome sample #1 was precipitated in the presence of 2.5 mM MgCl 2 . The precipitate was dissolved and precipitated again, and the supernatant (sup1) was discarded. These precipitation and dissolution steps were repeated two more times. The resulting supernatants, sup1, sup2 and sup3, did not contain polynucleosomes (Fig. 3A,  lanes 35 ). The resulting precipitate was dissolved again in 10 mM Tris-HCl (pH 7.5) buffer containing 6 mM EDTA (Fig. 3A, lane 6) . In this method, the free histones were separated from the polynucleosome fractions, but the polynucleosome aggregates were not removed (Fig. 3A, asterisk) .
The electrophoretic gel mobility shift assay (EMSA) revealed that the unpurified and partially purified polynucleosome samples (#1 and #3) contained slowmigrating fractions (Fig. 3C , lanes 3 and 5, asterisk and 3D), corresponding to polynucleosome aggregates. In contrast, the purified polynucleosome sample (#2), which was electrophoretically purified with the Prep Cell apparatus, did not contain any visible contaminating polynucleosome aggregates (Fig. 3C, lane 4 and  3D) . In all three polynucleosome samples, no free DNA was detected, indicating that the polynucleosomes were efficiently assembled under the reconstitution conditions used in the present study (Fig. 3C) .
The histone occupancy of these polynucleosomes was then evaluated by the ScaI cleavage assay. In the polynucleosome, ScaI cleaved the linker DNA, and thus generated mononucleosomes (Fig. 1A) . As shown in Fig. 3E , all three polynucleosomes equally generated mononucleosomes, and no free DNA fragments were detected. These results indicated that the twelve 601 sequences were fully occupied by nucleosomes in these polynucleosomes. In this assay, partially cleaved populations of the polynucleosomes were also detected (Fig. 3E) , suggesting that excess histones may bind to the linker DNAs (discussed later).
Sedimentation velocity profiles of the polynucleosomes
We then performed the sedimentation velocity analysis by analytical ultracentrifugation (44) . Polynucleosomes reportedly become compacted in the presence of Mg 2+ ions (45) . Therefore, sedimentation velocity experiments were performed under conditions with or without MgCl 2 . To ensure the consistency of the experimental conditions, all three polynucleosome samples were dialyzed against the same dialysis buffers, with or without MgCl 2 (Fig. 4A) . Consistent with the previous studies (26, 28, 45), the S values of these polynucleosomes were substantially increased in the presence of Mg 2+ ions (Fig. 4B) , indicating that the polynucleosomes adopted a more compacted conformation in a Mg 2+ -dependent manner. In the absence of Mg 2+ ions, the unpurified, purified and partially purified polynucleosomes exhibited similar sedimentation values (Fig. 4B , white circles, white triangles and white squares, respectively). In contrast, in the presence of Mg 2+ ions, the S values of the unpurified polynucleosome (black circles) were larger than those of the purified and partially purified polynucleosomes (Fig. 4B , black triangles and black squares, respectively). The contaminating free excess histones may affect the compactness of the polynucleosome, although this difference may be within the experimental error. Under the polynucleosome reconstitution conditions employed in this study, excess histones were not detectable in the sup1 fraction of the partially purified polynucleosome (data not shown), indicating that the amount of contaminating free histones was small. The contaminating free histones may increase the S values of the unpurified polynucleosome, if large amounts are present.
It should be noted that, above the 60% boundary fractions, the S values of the unpurified and partially purified polynucleosome samples were drastically increased, with or without Mg 2+ (Fig. 4B) . In contrast, the purified polynucleosome did not exhibit such an increase in the S value in the absence of Mg 2+ ions, and it was only observed above the 80% boundary The precipitates were dissolved and precipitated again by adding MgCl 2 . These precipitation and dissolution steps were repeated three times, and the resulting supernatants, sup1, sup2 and sup3, were analyzed (lanes 35). After these washing steps, the polynucleosome was recovered from the precipitates with 10 mM Tris-HCl (pH 7.5) buffer containing 6 mM EDTA (lane 6, sample #3). Lane 1 indicates 1,000 bp DNA ladder markers. The vertical bar with an asterisk indicates polynucleosome aggregates. (B) Purification of the polynucleosome by preparative 0.7% agarose2% acrylamide composite gel electrophoresis, using a Prep Cell apparatus. The unpurified polynucleosome (lane 2, sample #1) was purified with the Prep Cell apparatus, and the eluted fractions (lanes 318) were analyzed by agarose electrophoresis with ethidium bromide staining. Lane 1 indicates 1,000 bp DNA ladder markers. The vertical bar with an asterisk indicates polynucleosome aggregates. (C) Electrophoretic mobility shift assay. Lanes 25 represent the naked DNA, the unpurified polynucleosome (sample #1), the purified polynucleosome (sample #2), and the partially purified polynucleosome (sample #3), respectively. Lane 1 indicates 1,000 bp DNA ladder markers. We repeated these preparation procedures for the polynucleosomes twice, and confirmed that consistent results were obtained. (D) The densitometric scanning profile of the gel shown in panel C is presented. The arrowhead and the vertical bars with asterisks indicate polynucleosomes and polynucleosome aggregates, respectively. (E) The ScaI cleavage assay. The polynucleosome samples were treated with ScaI, and the resulting free DNA fragments, nucleosomes and partially cleaved polynucleosomes were separated on a nondenaturing 5% polyacrylamide gel. Lanes 25 represent the naked DNA, the unpurified polynucleosome (sample #1), the purified polynucleosome (sample #2), and the partially purified polynucleosome (sample #3), respectively. Lane 1 indicates 100 bp DNA ladder markers. The vertical bar indicates partially cleaved polynucleosomes.
T. Kujirai et al. fractions in the presence of Mg 2+ ions (Fig. 4B) . These large S value fractions are probably due to the contaminating polynucleosome aggregates (Fig. 3C , lanes 3 and 5, asterisk).
Sedimentation velocity profiles of polynucleosomes reconstituted with different amounts of the histone octamer
We next tested the sedimentation velocity profiles of polynucleosomes with different histone occupancies. We reconstituted the polynucleosomes with histone octamer/DNA (177 bp) ratios of 1.6, 1.8 and 2.0 (polynucleosome 1.6 , polynucleosome 1.8 and polynucleosome 2.0 , respectively). These polynucleosome samples were purified by the Prep Cell method. Our EMSA revealed that the polynucleosome 1.6 and polynucleosome 1.8 samples migrated faster than the polynucleosome 2.0 sample (Fig. 5A) . The ScaI assay demonstrated that the free DNA fragments were detected in the polynucleosome 1.6 sample, but not in the polynucleosome 1.8 sample; however, the hexasome, lacking one H2A-H2B dimer from the nucleosome, was clearly detected in both the polynucleosome 1.6 and polynucleosome 1.8 samples (Fig. 5B) . In contrast, no hexasome was detected in the polynucleosome 2.0 sample, but partially cleaved polynucleosome fractions, probably derived from histone overloading, were present (Fig. 5B) .
We then measured the sedimentation velocities of these polynucleosome samples under the conditions without Mg
2+
. The polynucleosome 1.6 sample containing histone-free DNA segments exhibited a low S value of about 27S (50% boundary fraction) (Fig. 5C ). The S value (50% boundary fraction) of the polynucleosome 1.8 sample containing hexasomes, but not histone-free DNA segments (Fig. 5B) , was 3233S (Fig. 5C ). In contrast, the polynucleosome 2.0 sample, which was also employed in the experiments presented in Fig. 4 , exhibited S values of 3738S (50% boundary fraction). These results indicated that the presence of histone-free DNA segments, hexasomes, and overloaded histones substantially affects the sedimentation The polynucleosome 1.6 , polynucleosome 1.8 and polynucleosome 2.0 samples are represented by triangles, diamonds and circles, respectively. The sedimentation coefficient distributions were determined by the enhanced van HoldeWeischet method. These experiments were repeated at least twice, and consistent results were obtained. velocity values of the polynucleosomes. Therefore, for comparative studies, the polynucleosomes must be prepared with the same histone occupancy, which can be confirmed by the ScaI assay (Fig. 5B) .
Discussion
Sedimentation velocity measurement by analytical ultracentrifugation has become a common method to evaluate higher-order chromatin states (24, 32) . In this analysis, the reconstitution of the polynucleosome sample is an essential step. So far, three different methods, to prepare unpurified, purified and partially purified polynucleosomes, have been employed in the polynucleosome reconstitution for sedimentation velocity analysis (24, 2641) . These methods produce samples with different purities. However, the effects of the purity of the reconstituted polynucleosome on the sedimentation velocity have not been tested. In the present study, we reconstituted the polynucleosome containing 12 positioned nucleosomes, and prepared unpurified, purified and partially purified polynucleosome samples (Figs. 13) . We then tested whether the differences in the sample preparation methods affect the sedimentation profiles of polynucleosomes in an analytical ultracentrifugation study (Fig. 4) .
We first found that the unpurified polynucleosome sample has a tendency to exhibit larger S values in the presence of Mg 2+ ions. We suspected that the contaminating free histones in the unpurified sample may nonspecifically bind to the polynucleosome, thus affecting the S values of the polynucleosome in the analytical ultracentrifugation analysis. Small amounts of free histone contamination may not substantially affect the S value of the polynucleosome. However, the presence of free histones may complicate the interpretation of the sedimentation velocity data, if larger amounts are present.
The partially purified polynucleosome prepared by the MgCl 2 precipitation method exhibited a similar S value to that of the purified polynucleosome at the 50% boundary fraction (Fig. 4) . However, importantly, above the 60% boundary fractions, the S values of the purified and partially purified polynucleosome samples were significantly different (Fig. 4) . This may be a consequence of the presence of polynucleosome aggregates (Fig. 3) . The MgCl 2 precipitation method is widely used for polynucleosome preparation because it is more convenient, as compared to the purification by 0.7% agarose2% acrylamide composite gel electrophoresis (26, 3841). Therefore, it is important to consider that, in the partially purified polynucleosome prepared by the MgCl 2 precipitation method, the sedimentation values are apparently larger, as compared to those of the purified polynucleosome, above the 60% boundary fractions. The difference in the sedimentation profiles between the partially purified and purified polynucleosomes, found in the present study, provides important basic information for the accurate interpretation of the experimental results obtained by these polynucleosome preparation methods.
We found that, in the absence of Mg 2+ ions, our polynucleosome samples exhibited S values of 3738S (50% boundary fraction) (Fig. 4) , which are slightly larger than those (3336S) reported previously (26, 31, 33, 3841). To avoid incomplete nucleosome assembly, we reconstituted the polynucleosomes under conditions with the octamer/DNA ratio of 2.0. We found that octamer/DNA ratios less than 2.0 reconstituted polynucleosomes containing hexasomes (Fig. 5) . The presence of the hexasomes reduced the S values of the polynucleosomes, while the histone overloading increased it (Fig. 5) . The preparation of polynucleosome samples without hexasomes and histone overloading is quite difficult. Therefore, it is essential to confirm the histone occupancy of the polynucleosome by the ScaI analysis, for comparative sedimentation velocity studies using various histone species, modifications and mutations.
